We conducted a randomized controlled trial in 110 adults undergoing thrice-weekly hemodialysis with serum albumin <4.0 g/dL recruited between July 2010 and October 2011 from eight Southern California dialysis units. Patients were randomly assigned to receive high-protein (50-55 g) meals during dialysis, providing 400-500 mg phosphorus, combined with lanthanum carbonate versus low-protein (<1 g) meals during dialysis, providing <20 mg phosphorus. Prescribed nonlanthanum phosphorus binders were continued over an 8-week period. The primary composite outcome was a rise in serum albumin of !0.2 g/dL while maintaining phosphorus between 3.5-<5.5 mg/dL. Secondary outcomes included achievement of the primary outcome's individual endpoints and changes in mineral and bone disease and inflammatory markers. Results: Among 106 participants who satisfied the trial entrance criteria, 27% (n ¼ 15) and 12% (n ¼ 6) of patients in the highprotein versus low-protein hemodialysis meal groups, respectively, achieved the primary outcome (intention-to-treat P-value ¼ 0.045). A lower proportion of patients in the high-protein versus low-protein intake groups experienced a meaningful rise in interleukin-6 levels: 9% versus 31%, respectively (P ¼ 0.009). No serious adverse events were observed. Conclusion: In hypoalbuminemic hemodialysis patients, highprotein meals during dialysis combined with lanthanum carbonate are safe and increase serum albumin while controlling phosphorus.
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I N T R O D U C T I O N
Protein-energy wasting is a common condition and a major risk factor for adverse outcomes including higher death risk in chronic kidney disease (CKD) patients undergoing maintenance hemodialysis [1] . Biochemical markers of protein-energy wasting such as hypoalbuminemia (defined as a serum albumin <4.0 g/dL) are among the most potent predictors of death risk in dialysis patients [2] [3] [4] . Given that heightened catabolism, low-protein intake and dialytic amino acid and protein losses may predispose hemodialysis patients to hypoalbuminemia and subsequent protein-energy wasting, the National Kidney Foundation-Kidney Disease Outcomes Quality Initiative (NKF-KDOQI) Clinical Practice Guidelines recommend a higher protein intake of 1.2 g/kg body weight/day in this population [2] . Despite these recommendations, epidemiologic data show that >50% of hemodialysis patients have inadequate dietary protein intake (<1.0 g/kg/day) as estimated by their calculated urea kinetic-based normalized protein catabolic rates (nPCRs), also known as normalized protein nitrogen appearance (nPNA) [5] .
Multiple barriers may hinder the achievement of these nutritional targets in hemodialysis patients. For example, many high-protein foods are rich in phosphorus, leading to hyperphosphatemia, which has been associated with renal bone disease, cardiovascular disease including vascular calcification and higher mortality risk [6] [7] [8] [9] [10] [11] . As such, hemodialysis patients are frequently counseled on dietary phosphorus restriction, which may inadvertently lead to a reduction in protein intake [8, 12, 13] . Second, thrice-weekly dialysis sessions may coincide with core meal times, leading to inadequate food intake on dialysis treatment days [14] . This issue may be compounded by the fact that many outpatient dialysis units in the USA refrain from administering meals and prohibit outside food or beverage consumption during dialysis, given concerns about postprandial hypotension, aspiration, infection risk, staff burden and financial constraints [13, 15] . Third, the importance of nutritional status, as well as the benefits of nutritional supportive measures, may remain under-recognized and underprioritized in the hemodialysis population.
It has been suggested that dietary liberalization in conjunction with greater use of phosphorus binders may be a more effective strategy in addressing the inadequate protein intake of hemodialysis patients [12, 13, 16] . To better inform the field, we designed the randomized controlled trial Fosrenol (lanthanum carbonate) for Enhancing Dietary Protein Intake in Hypoalbuminemic Dialysis Patients (FrEDI) in order to test the hypothesis that the provision of high-protein meals during hemodialysis treatment sessions in the dialysis clinic combined with a potent phosphorus binder in hypoalbuminemic hemodialysis patients would increase serum albumin levels without adversely impacting their phosphorus levels.
M A T E R I A L S A N D M E T H O D S

Study design and population
We designed the FrEDI randomized controlled trial to compare the effect of high-protein meals administered during dialysis treatments combined with lanthanum carbonate as a potent binder versus low-protein meals during dialysis in 110 prevalent hemodialysis patients. Study coordinators recruited patients from eight outpatient dialysis clinics in Southern California from 1 July 2010 through 31 October 2011 (see ClinicalTrials.gov; NCT0111694). Inclusion criteria were the following: (i) ages 18-85 years; (ii) thrice-weekly hemodialysis for !3 months; (iii) hypoalbuminemia, defined as a baseline bromocresol green serum albumin level <4.0 g/dL on two measurements separated by $2 months; (iv) capability of safe and independent oral food intake during hemodialysis treatments and (v) informed (written) consent to participate in the study. Patients were excluded if they (i) had received lanthanum carbonate phosphate binder(s) within 2 weeks of study entry, (ii) had a medical condition that may limit increasing dietary protein intake (e.g. inability to eat or maintain ingested food) or (iii) were unwilling to sign the consent form. All patients were eligible to receive vitamin D pharmacotherapies, including calcitriol, cholecalciferol, doxercalciferol, ergocalciferol and paricalcitol, as well as cinacalcet, at the discretion of the treating nephrologist. The sponsor, investigators and patients were unaware of the treatment assignments until the first meal box was opened by the patient. The study was approved by the Institutional Review Board of the Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Center and was conducted in accordance with the ethical principles of the Declaration of Helsinki, the Good Clinical Practice guidelines of
the International Conference of Harmonisation and local regulatory requirements.
Study intervention
Eligible patients underwent a washout period of 2 weeks (i.e. in the event they previously received lanthanum carbonate >2 weeks before study entry), attended a dietary counseling session with the study dietitians and underwent pre-study examination in the Outpatient General Clinical Research Center of Harbor-UCLA. They subsequently underwent 1:1 randomization to the high-protein versus low-protein hemodialysis meal groups using computer-generated sequences by the senior database manager, who was blinded to patient assignment ( Figure 1 ). Allocation was recorded using sealed envelopes. Patients assigned to the high-protein hemodialysis meal group received high-protein meals in the form of prepared food in meal boxes (see Supplementary data) during the first 60 min of each thriceweekly hemodialysis treatment over a period of 8 weeks (a total of 24 meals during 24 hemodialysis treatment sessions), which were administered as prepared boxes containing meals with 50-55 g of protein, 850 kcal and a low phosphorus:protein ratio of <10 mg/g, yielding 400-450 mg of natural phosphorus. Patients in the high-protein hemodialysis meal group also received 0.5-1.5 g of lanthanum carbonate with each meal box that was titrated every 2 weeks as necessary. Lanthanum carbonate was specifically selected given its high phosphate-binding capacity and low pill burden compared with other phosphorus binders [17] . Patients assigned to the low-protein hemodialysis meal group received prepared boxes containing meals with minimal protein (<1 g), <20 mg phosphorus and low caloric (<50 kcal) content, such as salads, during the first 60 min of each hemodialysis treatment over the study period (see Supplementary data). They were also allowed to continue their preexisting nonlanthanum carbonate phosphate binders. Meal boxes for both study groups were prepared at the Los Angeles Biomedical Research Institute/Harbor UCLA General Clinical Research Center Bio-Nutrition Department (see Supplementary data for detailed methods). Both treatment groups received routine dietary counseling on consuming high-protein intake at home (i.e. dietary protein intake to achieve or maintain an nPCR of 1.0 g/kg/day). The high-protein hemodialysis meal group received additional counseling on consuming a low phosphorus:protein ratio diet in which they were advised to avoid processed foods with high phosphorus additives [18] .
Study outcomes
The primary composite outcome was an increase in serum albumin of !0.2 g/dL while maintaining a target serum phosphorus range of 3.5-<5.5 mg/dL, based on NKF-KDOQI Clinical Practice Guidelines [2], following the 8-week intervention period. This serum albumin threshold was selected according to prior data demonstrating associations with lower mortality, hospitalization risk and treatment costs in hemodialysis patients [19] [20] [21] . Secondary outcomes included (i) achievement of the individual endpoints of the primary composite outcome, (ii) change in chronic kidney disease-mineral and bone disease biochemical parameters [serum calcium, parathyroid hormone (PTH), alkaline phosphatase], (iii) change in nPCR, (iv) change in serum electrolytes that correlate with protein intake (serum bicarbonate, potassium), (v) change in 
dialysis adequacy parameters [single-pool Kt/V (spKt/V), urea reduction ratio], (vi) change in inflammatory parameters [tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), Creactive protein (CRP)], (vii) change in hematologic parameters (hemoglobin, white blood cell count, platelet count), (viii) change in lipid levels [low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides] and the adipokine leptin and (ix) change in postdialysis weight following the 8-week study intervention.
Biochemical measurements
Baseline serum albumin and phosphorus levels were measured within 5 days prior to randomization and intervention, then every month thereafter. Most other secondary outcomes of interest were also concurrently measured on a monthly basis, including calcium, PTH, alkaline phosphatase, nPCR, bicarbonate, potassium, spKt/V, urea reduction ratio, hemoglobin, white blood cell count and platelet count. PTH was measured using a first-generation immunoradiometric PTH assay (Nichols, San Juan Capistrano, CA, USA [22] ). Non-routine blood tests including TNF-a, IL-6, CRP and leptin were measured prior to the trial and then after the trial ended in those who completed the entire 8-week study.
Statistical analysis
Intention-to-treat analyses were performed to include all those who participated in the study with serum albumin levels <4.0 g/dL and who had at least one serum albumin measurement after the trial started [23] . Comparison of baseline characteristics of the high-protein versus low-protein intake groups were conducted using t-test, Wilcoxon rank sum, or v 2 tests depending upon data type. For the primary outcome, a v 2 test was used to compare the proportion of patients in the two treatment groups who achieved a combined rise in serum albumin of !0.2 mg/dL while maintaining serum phosphorus levels of 3.5 -<5.5 mg/dL. Based on intention-to-treat power analyses (a ¼ 0.05, 1 À b ¼ 0.80), 110 participants (55 in each of the 2 groups) were targeted for an anticipated increase in serum albumin of !0.2 mg/dL. For the secondary outcomes examining changes in laboratory and weight parameters, we compared the (i) postintervention values, (ii) change in values (defined as the preintervention value minus the postintervention value) using Wilcoxon rank sum tests and (iii) the proportion of patients achieving a clinically relevant change in levels using v 2 tests between the two treatment groups. We also compared the preintervention (baseline) and postintervention (follow-up) levels within treatment groups using the Wilcoxon signed-rank test. Analyses and figures were conducted using SAS version 9.4 (SAS Institute, Cary, NC, USA) and Stata version 13.1 (StataCorp, College Station, TX, USA).
R E S U L T S
Study population
Between July 2010 and October 2011, a total of 234 patients were screened, among whom 178 patients consented to participation. Among these patients, 110 patients met initial eligibility criteria and underwent randomization to the highprotein (n ¼ 55) and low-protein hemodialysis meal (n ¼ 55) groups (Figure 1 ). In the low-protein hemodialysis meal group, four patients were excluded due to (i) having had a serum albumin level of !4.0 g/dL upon second measurement 2 months later (n ¼ 2) and (ii) withdrawing from the study prior to obtaining any postrandomization serum albumin data (n ¼ 2), resulting in 106 patients who had at least one postrandomization data point based on the intention-to-treat principle. The final study population was diverse in terms of sex, race and ethnicity (Table 1) , and all sociodemographic, case-mix and baseline laboratory test characteristics were well-balanced across the two treatment groups except for IL-6 levels, which were higher in the high-protein intake group (P ¼ 0.026).
Primary outcome
Following the 8-week intervention period, 27% of patients in the high-protein intake group and 12% of patients in the lowprotein intake group achieved the primary composite outcome of a combined increase in serum albumin of !0.2 g/dL and a target serum phosphorus range of 3.5-<5.5 mg/dL (P-value ¼ 0.045; Figure 2 ). In the high-protein intake group, 28, 31 and 15 patients achieved a !0.2 g/dL increase in serum albumin (Table 2) , serum phosphorus 3.5-<5.5 mg/dL and both endpoints, respectively ( Figure 2 ). In the low-protein group, 15, 19 and 6 patients achieved a !0.2 g/dL increase in serum albumin, serum phosphorus 3.5-<5.5 mg/dL and both endpoints, respectively.
Secondary outcomes
Comparison of postintervention laboratory values showed that patients in the high-protein intake group had significantly higher PTH values versus those in the low-protein intake group {median 505 [interquartile range (IQR) 239-703] pg/mL versus 330 (192-516) respectively (P ¼ 0.043)}, whereas there did not appear to be significant differences in other postintervention laboratory or weight values (Table 3) .
When the change in laboratory and weight values (pre-intervention levels minus postintervention levels) were compared across treatment groups, those in the high-protein intake group experienced a greater increase in serum albumin versus the low protein-intake group [median 0.2 (IQR À0.1-0.3) g/dL versus 0.0 (À0.2, 0.2), respectively (P ¼ 0.007)] ( Table 4 ). In contrast, patients in the low-protein intake group experienced a greater increase in IL-6 levels as compared with the high-protein intake group [median 1.07 (À0.56-6.69) pg/mL versus À0.52 (À3.66-1.70), respectively (P ¼ 0.002)]. When we compared the proportion of patients who achieved a clinically significant change in laboratory and weight values, we similarly observed that a greater proportion of those in the high-protein versus lowprotein intake groups achieved a clinically significant increase in serum albumin !0.2 g/dL (51% versus 29%, respectively; P ¼ 0.024), whereas a greater proportion of patients in the lowprotein intake versus high-protein intake group experienced a clinically significant increase in IL-6 levels !5 pg/mL (31% versus 9%, respectively; P ¼ 0.010) ( Table 2) .
When preintervention (baseline) and postintervention (follow-up) levels within treatment groups were compared (Table 5 and Figure 3 ), we found that patients in the high-protein intake group experienced a significant increase in serum albumin [median 3.6 (IQR 3.5-3.8) g/dL and 3.8 (3.6-4.0) pre-and postintervention, respectively; P < 0.001], whereas those in the lowprotein intake group did not [median 3.7 (IQR 3.6-3.8) g/dL and 3.7 (3.5-3.9) pre-and post-intervention, respectively; P ¼ 0.858]. In contrast, patients in the low-protein intake group experienced a significant increase in PTH [median 298 (IQR 138-486) pg/mL and 346 (180-685) pre-and postintervention, respectively; P ¼ 0.043], whereas those in the high-protein intake group did not [median 437 (IQR 304-560) pg/mL and 505 (373-746) pre-and postintervention, respectively; P ¼ 
Clinical practice guideline targets and medication treatment patterns
While a greater proportion of patients in the high-protein intake versus low-protein hemodialysis meal groups achieved the KDOQI Clinical Practice Guidelines serum phosphorus target of 3.5-<5.5 mg/dL (56% versus 38%, respectively; P ¼ 0.049), there were no differences in achievement of the PTH target of 150-300 pg/mL across treatment groups (23% and 31%, respectively; P ¼ 0.464) ( Table 6 ).
Prior to the trial there was an even distribution of nonlanthanum phosphorus binder use across treatment arms (46% versus 49% among high-protein versus low-protein hemodialysis meal groups, respectively; P ¼ 0.757; Table 1 ). During the study, 24% versus 33% of patients continued nonlanthanum binders, 8% versus 15% newly initiated binders, 29% versus 15% ceased binders and 39% versus 38% remained without binders in the high-protein versus low-protein hemodialysis meal groups, respectively (P ¼ 0.371).
Adverse events
Over the course of the study, there were no severe adverse events or nonsevere adverse events reported, including allergic reactions, aspiration while consuming meals during hemodialysis or death. Minor events were reported related to the cold temperature of the meals or dislike of the prepared food in cold meal boxes. Patients in the high-protein hemodialysis meal group also reported higher satisfaction with high-protein meals during hemodialysis.
D I S C U S S I O N
In this pilot randomized controlled trial, a greater proportion of hypoalbuminemic hemodialysis patients who received in-center high-protein hemodialysis meals combined with lanthanum carbonate during dialysis treatment experienced a clinically relevant increase in serum albumin levels while maintaining serum phosphorus levels in the target range versus those who received low-protein hemodialysis meals. We also found that the lowprotein hemodialysis meal group experienced a greater increase in IL-6 levels as compared with the high-protein hemodialysis meal group. Upon comparing pre-versus postintervention laboratory values within treatment groups, those in the highprotein hemodialysis meal group experienced a significant increase in serum albumin whereas those in the low-protein hemodialysis meal group experienced a significant increase in PTH, IL-6, and TNF-a levels.
Prior studies have shown that serum albumin levels <4.0 g/dL are predictive of higher death risk in hemodialysis patients, and that even mild increases in serum albumin of !0.2 g/dL over time are associated with improved survival, lower hospitalization risk, and reduced treatment costs [19] [20] [21] 24] . While the degree to which a decline in serum albumin reflects protein-energy wasting, increased protein catabolism, dialytic protein and amino acid losses and inflammation in these studies remains unclear, large observational studies show that moderate increases in protein intake are also associated with greater survival compared to reductions in protein intake in this population. In a study of >30 000 hemodialysis patients whose trajectory of protein intake ascertained by nPCR and serum phosphorus levels were examined over 6 months, those whose protein intake increased over time had greater survival, whereas those whose protein intake FIGURE 2: Proportion of hemodialysis patients randomized to the high-protein versus low-protein hemodialysis meal groups who achieved the primary outcome (increase in serum albumin !0.2 g/dL and serum phosphorus 3.5-<5.5 mg/dL).
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decreased over time, irrespective of phosphorus level, experienced higher death risk [25] .
A growing body of observational studies and pilot randomized controlled trials suggest that administration of oral nutritional supplements with a high protein content during hemodialysis treatments is effective in improving nutritional parameters. In a study of eight hemodialysis patients with deranged nutritional status by Pupim et al. [26] , provision of oral protein intake during dialysis was shown to improve protein homeostasis and oppose the catabolic effects of hemodialysis based on protein turnover studies conducted before, during and after dialysis. In a study of 85 hemodialysis patients with malnutrition by Caglar et al. [27] , following administration of an oral nutritional supplement during dialysis over 6 months, there was a significant increase in both serum albumin and prealbumin levels. More recently, in a 2 Â 2 factorial, pilot, feasibility randomized controlled trial by Rattanasompattikul et al. [28] of 84 hypoalbuminemic hemodialysis patients who received an oral nutritional supplement, pentoxifylline, oral nutritional supplement þ pentoxifylline or placebo over a 16- week study period, those who received the oral nutritional supplement alone experienced a significant increase in serum albumin.
To our knowledge, ours is the first randomized controlled trial to show that provision of a high-protein meal during hemodialysis treatment in the dialysis center in conjunction with a potent phosphorus binder such as lanthanum carbonate effectively increases serum albumin while maintaining serum phosphorus levels within target ranges recommended by clinical practice guidelines. Lanthanum was selected because studies of phosphate-binding in humans have shown that lanthanum has the highest relative phosphate-binding coefficient (RPBC) in comparison to other phosphorus binders, and hence has a lower pill burden [17] . Although animal studies have shown that lanthanum may accumulate in organs (e.g. liver), no significant adverse effects have yet been reported in dialysis patients [29, 30] . In terms of other mineral and bone disease markers 
assessed as secondary outcomes, we observed a significant increase in PTH levels in the low-protein hemodialysis meal group but not in the high-protein group. While the postintervention PTH levels were higher in the high-protein versus lowprotein hemodialysis meal groups, there were no significant differences in achievement of serum PTH target ranges recommended by the NKF-KDOQI guidelines. Notably, we did not observe significant differences in certain electrolytes that correlate with protein intake (e.g. potassium or serum bicarbonate level) between the two groups [16, 31] . Another novel finding was the greater increase in inflammatory markers (interleukin-6 and TNF-a) observed in the lowprotein hemodialysis meal group but not in the high-protein group. In hemodialysis patients with protein-energy wasting, there is a strong link between malnutrition and inflammation in which both may play synergistic roles in the development of wasting [1] . It is plausible that in our patients assigned to the high-protein hemodialysis meal arm, the amelioration of hypoalbuminemia and subsequent protein-energy wasting may have also evaded a worsening inflammatory status over time in these patients. In animal models of starvation, activation of inflammatory cytokines has been observed, such that otherwise normal rats randomized to receive a diet low in protein and energy experienced an increase in acute phase proteins and cytokines, which was not seen in control-fed rats [32] .
Our study further corroborates the potential safety and nutritional benefits of administering meals during hemodialysis treatments in the dialysis center. In contrast to the US, meals are routinely provided in outpatient hemodialysis units in certain European and Asian countries [13, 16] . For example, dialysis patients in Germany, where meals are frequently provided, demonstrate better nutritional markers and survival than their US counterparts [33] . As there may be additional advantages beyond nutritional outcomes (e.g. enhanced patient satisfaction, improved health-related quality of life, increased adherence to hemodialysis treatment), further studies are needed to determine the benefits of intradialytic meals in hemodialysis patients [13] . In addition, while higher protein intake may potentially confer a higher uremic toxic burden due to the metabolism of amino acids, we did not observe a clinically or statistically significant difference in the change in serum blood urea nitrogen levels between or within the high-protein versus low-protein hemodialysis meal treatment arms.
The strengths of our study include its multicenter design; inclusion of patients who were diverse with regards to sex, race and ethnicity and eligibility to receive vitamin D pharmacotherapies and cinacalcet, along with phosphorus binders, across both treatment groups. However, several limitations of the study bear mention. First, as our study population was a selected group of hemodialysis patients in Southern California who consented to participate in the study, their case-mix characteristics (i.e. comorbidity burden) and adherence to phosphorus binders may not be reflective of the broader US hemodialysis population. Second, our study design did not allow for the separate evaluation of the effect of lanthanum carbonate and high-versus low-protein hemodialysis meals upon the outcome of interest. Third, while lanthanum carbonate was utilized in the highprotein hemodialysis meal group, given its high phosphorusbinding capacity and lower pill burden compared with other phosphorus binders [12] , it remains uncertain if similar achievement of serum phosphate targets would be observed with alternative binders. Fourth, the observed improvements in serum albumin levels in the high-protein hemodialysis meal group may have been partly due to the dietary counseling provided at baseline and/or the possibility that the high-protein group's energy-dense (>2 kcal/g), high-calorie (850 kcal) meals corrected an energy deficit on dialysis treatment days. Notably, the latter is not supported by changes in body weight. Fifth, although not statistically significant, there was an imbalance in racial/ethnic distribution across treatment arms, such that a greater proportion of white patients and a lower proportion of black patients were in the high-protein versus low-protein hemodialysis meal groups. Prior studies have shown that black hemodialysis patients have a tendency toward higher serum albumin levels compared with their white counterparts [34] . Thus, residual confounding on this basis would likely bias the relationship between high-versus low-protein hemodialysis meal intake towards the null, rendering our results even more conservative. Lastly, while the high-protein hemodialysis meal group demonstrated improvement in surrogate endpoints of nutritional status, further study is needed to determine whether this intervention favorably impacts hard outcomes.
In conclusion, in hypoalbuminemic hemodialysis patients, provision of high-protein meals with lanthanum carbonate during dialysis treatment appears to be safe and effectively increases serum albumin while controlling serum phosphorus levels. At this time, further studies are needed to determine if high-protein hemodialysis meals in conjunction with phosphorus binders can improve hard outcomes such as survival in this population.
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